Active, passive and semi-active controls have been extensively considered to improve the protection of structures against earthquakes. In this paper, we present a new nonlinear damper, which is then applied to a three-dimensional benchmark structural control problem for seismically excited highway bridge. The main feature of the proposed controller is the simplicity in formulation, design and implementation. It is based on using a passive static hyperbolic function depending only on the base velocity. This function ensures energy dissipation capability with always bounded control force. The performance indices show that the proposed controller behaves satisfactorily and with a reasonable control effort.
INTRODUCTION
Highway bridges are critical infrastructures, which require particular seismic protection. It has been demonstrated that passive, semi-active and active control systems installed in parallel with isolation bearings are capable of reducing excessive displacements of bearings or significant damage to bridge piers [1] [2] [3] [4] . In this direction, the structural control community is devoting efforts to investigate the effectiveness and applicability of systems for vibration mitigation of highway bridges.
To meet this objective, a benchmark structural control model for highway bridges was developed through the sponsorship of the American Society of Civil Engineering (ASCE) Committee on structural control to provide systematic and standardized means by which competing control strategies can be evaluated [5] [6] [7] . This benchmark is a three-dimensional finite element model of the newly constructed 91/5 highway bridge located in Orange County of Southern California, USA. Basically, this bridge is a continuous two-span bridge with two abutments skewed 331 and with a deck for four-lane highway supported by a bent column. Furthermore, this 430 degrees-of-freedom benchmark model is able to capture nonlinear effects of the bridge such as inelastic moment-curvature behavior of columns and shear-displacement relationship of bearings, among some others. To facilitate direct comparison of the relative merits of various control strategies, a set of 21 evaluation criteria is defined along with several prescribed ground motion excitations.
Other benchmark models have been proposed by the ASCE structural control committee for assessing control strategies in buildings under earthquake and wind loads [8] [9] [10] [11] , cablestayed bridges [12, 13] and smart base-isolated buildings [14] [15] [16] [17] .
Control of structures can be classified in three groups: (a) passive control; (b) active control; and (c) semi-active control. A passive control system utilizing the local motion at a point where the control system is connected to the structure to produce control forces is well understood and widely accepted worldwide. The main practical and implementation advantage is the simplicity and the reliability, along with the fact that they are normally based on clear physical principles. The main drawback is that they are built carefully tuned for specific operating conditions and cannot adapt to changes and unknown disturbances. Active and semi-active systems are dynamic controllers requiring sensors and actuators in a closed loop control scheme. Active control has the conceptual ability to precisely supply the force commanded by a control algorithm. The price to pay is the need of appropriate actuators, the availability of energy supply and the demand of a careful formulation and design work to ensure stability and avoid unfeasible input and output signals. Semi-active control can be designed to approach the performance of active controllers without requiring large power consumptions and being inherently stable. In the numerical simulations in [7] , where passive, active and semi-active sample controllers are implemented, it is shown that the sample passive controller is unable to reduce the peak and norm controlled responses with respect to the uncontrolled bridge structure.
In this paper, a new control approach is presented and numerically tested through its application to the benchmark highway bridge. Inspired by passive control, the main motivation is to supply a damping capability with a simple and bounded control law. This is done by using a passive function depending only on the local velocity. Simplicity in the formulation and boundedness is ensured by proposing a static hyperbolic function.
The organization of this paper is as follows. In Section 2, a new hyperbolic passive damper is proposed together with a stability proof of the closed-loop system. Possible realizations of this controller are also discussed in this section, particularly as a semi-active scheme using magnetorheological (MR) fluid dampers. The benchmark structural control problem for a seismically excited highway bridge is briefly presented in Section 3. Numerical experiments to analyze the performance of the proposed controller are presented in Section 4. Final comments are given in Section 5.
HYPERBOLIC LOCAL CONTROL

Control objective and design
Let us consider a single degree-of-freedom system with mass m, stiffness k and damping coefficient c:
where € u g denotes the ground acceleration which is assumed bounded; that is, there exists a constant F such that j € u g jpF for all tX0. Finally, u is the control force supplied by an appropriate device.
We seek for a controller exhibiting the following features:
(a) To be a static controller employing only local velocity information between the two points where the controller is connected. (b) To be an admissible controller, that is, when the seismic excitation is not present ( € x g ¼ 0), the closed-loop system is asymptotically stable. (c) Ensure that, when the seismic excitation is present, all the trajectories of the closed-loop system are bounded.
Consider a passive function g : R ! R; g 2 C 1 , that is, a function such that gðxÞ Á xX0; gð0Þ ¼ 0. Then, we propose a control law with the following structure:
where r40 is a coefficient, and _ x the local velocity between the two points where the controller is connected.
To proof the admissibility of the controller in Equation (2), consider the positive definite Lyapunov function
Its time derivative along any trajectory of the unperturbed (
Clearly _ Vp0. Asymptotic stability of the unperturbed closed-loop system (1)- (2) is concluded after employing the well-known La Salle principle. Utilizing the same Lyapunov function, when the system is perturbed, its time derivative along the trajectories of the closedloop system (1)- (2) is
The above expression is semi-definite negative when j _ xj4mF=c, which demonstrates that the trajectories of the perturbed closed-loop system (1)- (2) 
Define now, for both cases, the transient decay rate as in [18] :
From (5), we deduce that z CL 4z OL Then, the closed-loop system has a larger transient decay rate response than the uncontrolled system and mitigates the seismic disturbance. Clearly, when gð _ xÞ ¼ sgnð _ xÞ, the signum function, the resulting controller is equivalent to the well-known pure friction damper. When gð _ xÞ ¼ _ x, the controller is the classical local proportional velocity control equivalent to a linear damper.
In this work, a different passive function is proposed with the following hyperbolic form:
where a40 is a design parameter. Figure 1 plots this function and may help to highlight some nice features in relation to the control objective:
The value of gð _ xÞ is bounded irrespective of the value of the velocity _ x. The maximum control input is prescribed by choosing the gain parameter r. This boundedness will be a key point later on to ensure the desired stability of the closed loop. The maximum absolute value of g is reached for the velocities
=2Þ. This means that the design parameter a can be easily selected to prescribe these velocities. For velocities within the range _ x 2 ½À a; a, the response of the controller is like the one of a typical s-shaped nonlinear damper. For velocities beyond this range, the control force smoothly decays. In practice, the value of a can be designed large enough to prescribe an always bounded control force with a certain damping profile within a range of the maximum expected velocities.
On practical implementation
The expression in Equations (2)-(6) defines one way of producing a control force depending on the velocity _ x. The simplicity of this expression suggests the possibility of a purely passive implementation if an appropriate device is available. This device should be designed and tuned by selecting the parameters a and r. The expression in (2)-(6) can be also seen as an active control law, which can be implemented by an appropriate actuator by using only local velocity feedback.
Between passive and active schemes, the above control law may have a semi-active realization. In this respect, let us consider an MR fluid damper. A phenomenological model of MR dampers, widely used in practice, is based on the Bouc-Wen hysteretic model in parallel with a dashpot [19, 20] . The equations governing the force produced by this model of MR damper are
where _ x is the velocity of the device, z is the evolutionary variable and g; b; n and A are parameters controlling the linearity in the unloading and the smoothness of the transition from the pre-yield to the post-yield region. The functional dependence of the device parameters on the command voltage u c is expressed as
Typically, semi-active implementations of MR dampers operate in such a way that the voltage command signal is either zero or maximum, within a clipped control structure [19] or bang-bang Lyapunov design [21] . This may lead to larger forces when the structure is subject to moderate or small earthquakes. It can be proved that the following smooth command voltage function is able to produce a force-velocity relationship in an MR damper modelled by Equations (7)- (10). The details of the derivation are omitted here, but Figure 2 (obtained with a particular set of parameters) illustrates how the force-velocity of an MR damper resembles the force-velocity relationship shown in Figure 1 . In this paper, the control law (2)- (6) is applied to the benchmark highway bridge described in [5] . Since the main objective of the application is to assess the efficiency of the concept of such stabilizing control law, it is applied in a generic way independently of which particular actuating scheme would be available for the implementation.
BENCHMARK HIGHWAY BRIDGE
The benchmark structural control problem for a seismically excited highway bridge [5] is employed as an interesting and more realistic example to further investigate the effectiveness of the proposed design approach. This benchmark problem is based on the newly constructed 91/5 highway over-crossing in Southern California, and it is recognized by the ASCE Committee on structural control as a state-of-the-art model developed to provide a computational platform where competing control strategies, including devices, control algorithms and sensors, can be evaluated [5, 7] .
The benchmark highway bridge is a continuous two-span, cast-in-place pre-stressed concrete box-girder bridge. The Whittier-Ellsinore fault is 11.6 km to the northeast, and the Newport-Inglewood fault zone is 20 km to the southwest of the bridge. The bridge has two spans, each of 58.5 m long spanning a four-lane highway and has two abutments skewed at 331. The width of the deck along east span is 12.95 m and it is 15 m along west direction. The cross section of the deck consists of three cells. The deck is supported by a 31.4 m long and 6.9 m high pre-stressed outrigger, which rests on two pile groups. The columns are approximately 6.9 m high. A plan view of the pile group is shown in Figure 3 . Figure 4 shows the idealized model for the bridge, its approach embankments and pile foundations. 
NUMERICAL RESULTS
Parameter tuning
As can be seen in Equation (6), the proposed control depends on the choice of the parameter a, which models the shape of the function g in Equation (2) . In order to tune this design parameter, the following study has been carried out. We have computed the evaluation criteria J 1 ; J 2 ; . . . ; J 16 for several values of the design parameter a and for the North Palm Springs earthquake record, which is considered-in our simulations-the most uncontrollable ground motion. Figures 5 and 6 show that for 1:5pap5, all the performance indices are less than or equal to 1. This way, the designers can choose the design parameter a according to some optimization criteria.
Numerical results
The results of the proposed hyperbolic active control in Equation (2) of the benchmark problem are summarized in Tables I and II . The results are also compared with the performance indices in [7] . The evaluation is reported in terms of the performance indices described in [5] . The controlled benchmark highway bridge is simulated for six earthquake ground accelerations defined in the benchmark problem (North Palm Springs, Chichi, El Centro, Northridge, Turkey and Kobe). All the excitations are used at the full intensity for the evaluation of the performance indices. The performance indices larger than one indicate that the response of the controlled highway bridge structure is bigger than that of the uncontrolled bridge structure. The performance indices larger than one in Table I are highlighted in bold. In this paper, the controllers are placed in eight specific locations, between the end abutments and deck, and making use of the passive scheme of the benchmark. At each location, there are two controllers-one in the x-and one in the y-direction. These actuators are used to apply the active control forces to the bridge structure. In this control strategy, both the peak and normed evaluation criteria are smaller than one for all earthquake records. In addition, most of these responses are reduced substantially from the uncontrolled cases.
The peak base shear is reduced between 10 and 20% in a majority of earthquakes (except North Palm Springs, where this quantity decreases only by 3%). The corresponding normed base shear quantities are reduced between 20 and 37%. The reduction in-peak mid-span displacement is between 14 and 27% whereas the reduction in normed mid-span displacement is between 20 and 37%. Slight reductions in the peak mid-span acceleration between 1 and 9% are achieved for all earthquake records when compared with the uncontrolled case, although conversely the corresponding normed quantities are significantly reduced between 11 and 25%. It is also interesting to note that the application of the proposed active control can result in the reduction of the ductility factor (peak or normed) up to 51%. Thus, damage in the bridge is significantly minimized. 
Time-history plots
Figures 7 and 8 show the time-history plots of various response quantities for the uncontrolled building, the building with the proposed passive control and the sample passive control in [7] using the North Palm Springs earthquake. More precisely, Figure 7 presents the plots for the displacement at mid-span. The plotted quantity in Figure 8 is the base shear force in the structure. Finally, the control force generated by the control devices is also depicted in Figure 8 . 
The quantities in square brackets correspond to the evaluation criteria for the sample semi-active control strategy in [7] . It is observed from these figures that the controlled response quantities can be effectively reduced compared with the uncontrolled case.
CONCLUSIONS
In this paper, a new strategy has been proposed for the vibration mitigation of seismically excited bridge structures. The main feature of the proposed controller is its simplicity in the formulation, design and implementation. More precisely, the proposed control scheme is based on using a passive static hyperbolic function depending only on velocity. This function ensures energy dissipation capabilities with always bounded control force. Performance of the proposed controller has been evaluated by numerical simulations using a state-of-the-art model of a highway bridge built by the ASCE Committee on structural control. The simulation results illustrate that the peak and normed base shear, the peak and normed mid-span displacements and the peak and normed mid-span accelerations have been significantly reduced by using the proposed hyperbolic controller as compared with the purely passive isolation scheme. Since the main objective of the application has been to assess the efficiency of the concept of such stabilizing control law, it has been applied in a generic way independently of which particular actuating scheme would be available for the implementation. Finally, the performance indices have shown that the proposed hyperbolic controller behaves satisfactorily and with a reasonable control effort.
